The therapeutically relevant human ␣7 nicotinic acetylcholine receptor has a propensity to desensitize in a ligand-dependent manner. Results: Mutants and agonists reveal likely point-to-point hydrogen bonding sensitivity for activation and/or desensitization. Conclusion: Hydrogen bonding interactions affects the stability of specific receptor states. Significance: The approach may facilitate development of state-selective compounds for nicotinic acetylcholine receptors.
A series of arylidene anabaseines were synthesized to probe the functional impact of hydrogen bonding on human ␣7 nicotinic acetylcholine receptor (nAChR) activation and desensitization. The aryl groups were either hydrogen bond acceptors (furans), donors (pyrroles), or neither (thiophenes). These compounds were tested against a series of point mutants of the ligand-binding domain residue Gln-57, a residue hypothesized to be proximate to the aryl group of the bound agonist and a putative hydrogen bonding partner. Q57K, Q57D, Q57E, and Q57L were chosen to remove the dual hydrogen bonding donor/ acceptor ability of Gln-57 and replace it with hydrogen bond donating, hydrogen bond accepting, or nonhydrogen bonding ability. Activation of the receptor was compromised with hydrogen bonding mismatches, for example, pairing a pyrrole with Q57K or Q57L, or a furan anabaseine with Q57D or Q57E. Ligand co-applications with the positive allosteric modulator PNU-120596 produced significantly enhanced currents whose degree of enhancement was greater for 2-furans or -pyrroles than for their 3-substituted isomers, whereas the nonhydrogen bonding thiophenes failed to show this correlation. Interestingly, the PNU-120596 agonist co-application data revealed that for wild-type ␣7 nAChR, the 3-furan desensitized state was relatively stabilized compared with that of 2-furan, a reversal of the relationship observed with respect to the barrier for entry into the desensitized state. These data highlight the importance of hydrogen bonding on the receptor-ligand state, and suggest that it may be possible to fine-tune features of agonists that mediate state selection in the nAChR.
The nicotinic acetylcholine receptor (nAChR) 2 belongs to the large "cysteine-loop" superfamily of ligand-gated ion channels, which includes GABA, glycine, and serotonin receptors (1) . The receptors span the cell membrane, and brief extracellular exposure to the neurotransmitter acetylcholine (ACh) may cause opening of the cation-selective pore with subsequent depolarization or signal transduction. Exposure to agonist will ultimately induce nonconducting (desensitized) states of the receptor (2) (3) (4) . The nAChRs assemble as pentamers, and most are heteromeric, that is, they contain at least two different types of subunits to function. The agonist binding sites are at the interfaces between subunits identified as ␣, providing the primary face, and non-␣, providing the complementary face. In the case of neuronal ␣7 receptors, the pentamer assembles as a homomer composed only of ␣7 subunits (5) , so that ␣7 subunits provide both primary and complementary elements for five potential agonist binding sites. The ␣7 nAChR opens with low probability and is also distinguished by quick desensitization and high permeability to Ca 2ϩ (6) . Selective stimulation of ␣7 will improve cognitive behaviors (7) , normalize sensory gating deficit (8) , and induce several neuroprotective pathways (9) . Therefore, the ␣7 nAChR is considered a therapeutic target to treat Alzheimer disease, schizophrenia, and other disorders (9 -12) . Choline, tropisetron, and GTS-21 are examples of ␣7 agonists that do not effectively activate heteromeric nAChRs (13, 14) . The ␣7 selectivity motif of GTS-21 has been shown to be the arylidene group attached to the core pharmacophoric unit (anabaseine) (14) . GTS-21 can enhance a variety of cognitive behaviors in mice, monkeys, rats, and rabbits (15) . Depending on the arylidine substitution pattern, a range of efficacy has been observed. Residual inhibition or desensitization (RD) will manifest in a substitution-dependent way, as evidenced by lack of recovery in subsequent applications of ACh that can last for 10 min or longer (16) . There is evidence for more than one desensitized state (17) ; therefore we ask what structural features control activation, the induction of specific forms of desensitization, and whether it would be possible to use such information to tune the characteristics of nAChR drugs. Until relatively recently, distinguishing the different desensitized forms of the receptor was not amenable to direct analysis because they are all equivalently nonconducting. The discovery of ␣7-selective positive allosteric modulators (PAMs) changed this because of their ability to modulate agonist-mediated conformational changes. Type II PAMs, such as N-(5-chloro-2,4-dimethoxy-phenyl)-NЈ-(5-methyl-isoxazol-3-yl)-urea (PNU-120596), can reactivate the desensitized ␣7 receptor (18) , and this provides new opportunities to detect nAChRs experimentally when they are in a nonconducting state, termed D s (17, 19) . However, there is another desensitized state accessible in ␣7 (termed D i ), which is insensitive to reactivation by PNU-120596 and has been identified in both whole cell and singlechannel recordings (17) . Structurally diverse agonists can affect the propensity of receptors to enter and remain in these desensitized states (16) . Our goal here is to decipher some of the molecular interactions of ligand and receptor in the ␣7 selectivity pocket that influence entry and stability of the receptor in different conformational states. Hydrogen bonding is one of the most prevalent driving forces suggested for the ligand association of nAChR and its allosteric modulation of channel gating (20 -22) . Here we report a systematic hydrogen bonding pharmacophore analysis on ligand-receptor pairs in the human ␣7 benzylidene selectivity pocket. We consider channel activation, desensitization, and the nature of the desensitized state. We focused on compounds that utilized pyrrole, furan, or thiophene rings because we could control the hydrogen bonding interactions of the aryl ring as hydrogen donating, accepting, or neither. The arylidene anabaseines synthesized were studied for their functional modulation of the ␣7 nAChR. We report evidence that Gln-57 on the complementary face of the ␣7 agonist binding site mediates hydrogen bonding interactions with the agonist to influence the activation and desensitization of the ␣7 receptor. The experimental data provide a useful approach to decipher the molecular interactions between ligand and protein that can influence the state distribution of the receptor.
EXPERIMENTAL PROCEDURES

Chemicals
Solvents and reagents were purchased from Sigma, Fisher Scientific, and TCI America (Portland OR).
1 H and 13 C NMR spectra were obtained using VXR 300, Gemini 300, or Mercury 300 (300 MHz) spectrometers (Varian, Palo Alto CA) in CDCl 3 solvent. Mass spectra were obtained on an Agilent 6210 TOF spectrometer operated in appropriate ionization mode.
Synthesis of Anabaseine Dihydrochloride
Anabaseine dihydrochloride was synthesized from acid-catalyzed rearrangements of 2-piperidinone,1-[(diethylamino) methyl]-3-(hydroxyl-3-pyridinylmethylene)-sodium salt as described previously (23) .
General Methodology for Preparation of Arylidene Anabaseines
Anabaseine dihydrobromide (100 mg, 0.312 mmol) was dissolved in 1.1 ml of a methanolic mixture of 0.6 M acetic acid (2.5 eq) and 0.2 M sodium acetate along with 3 eq of the appropriate heterocyclic carboxaldehyde. The mixture was stirred under argon at room temperature for 2 days. When the reaction was finished based on TLC analysis, the mixture was diluted with ϳ5 ml of deionized water and its pH was adjusted to 10 with solid sodium carbonate. The aqueous phase was extracted three times with 10 ml of ethyl acetate, and the combined organic fractions were dried over magnesium sulfate and evaporated to dryness. The crude product was purified by flash chromatography on silica, in CH 2 Cl 2 /CH 3 OH mixtures as stated for each compound. The hydrochloride salts were prepared from icecold alcoholic solutions of the arylidene anabaseine by careful addition of concentrated HCl, followed by evaporation to dryness. The arylidene anabaseine salts were dissolved in Ringer's solution to prepare daily batches for electrophysiology assays. 
Preparation of PNU-120596
PNU-120596 was synthesized via reaction of 5-chloro-2,4-dimethoxylphenyl isocyanate with 3-amino-5-methyl isoxazole as previously described (17) .
␣7 nAChR Clones and Site-directed Mutants
The human ␣7 nAChR clone was obtained from Dr. Jon Lindstrom (University of Pennsylvania, Philadelphia, PA). The human RIC-3 clone, obtained from Dr. Millet Treinin (Hebrew University, Jerusalem, Israel), was co-injected with the ␣7 constructs to improve the levels and speed of receptor expression. Amino acids are numbered as for the human ␣7 nAChR (vicinal C-loop cysteines at positions 190 and 191). Mutations were introduced using the QuikChange Site-directed Mutagenesis kit (Agilent Technologies, Santa Clara CA) following the manufacturer's instructions. All mutations were confirmed with automated fluorescent sequencing. After linearization and purification of cloned cDNA, RNA transcripts were prepared in vitro using the appropriate mMessage mMachine kit from Ambion Inc. (Austin TX).
Expression in Xenopus laevis Oocytes
Mature (Ͼ9 cm) female X. laevis African frogs (Nasco, Ft. Atkinson, WI) were used as the source of oocytes. Before surgery, frogs were anesthetized by placing the animal in a 1.5 g/liter solution of MS222 (3-aminobenzoic acid ethyl ester; Sigma) for 30 min. Oocytes were removed from an abdominal incision. To digest the follicular cell layer, harvested oocytes were treated with 1.25 mg/ml of collagenase from Worthington for 2 h at room temperature in Barth's solution without calcium (88 mM NaCl, 1 mM KCl, 2.38 mM NaHCO 3 , 0.82 mM MgSO 4 , 15 mM HEPES (pH 7.6), 12 mg/liter of tetracycline). After that, stage 5 oocytes were isolated and injected with 50 nl (5-20 ng) each of the appropriate cRNAs. Recordings were made 2 to 10 days after injection. The experimental response values were normalized to avoid a variety of the absolute magnitude of the evoked current response over time.
Electrophysiology
Experiments were conducted using OpusXpress 6000A (Molecular Devices, Union City CA). OpusXpress is an integrated system that provides automated impalement and voltage clamp of up to eight oocytes in parallel. Cells were automatically bath-perfused with Ringer's solution (115 mM NaCl, 10 mM HEPES, 2.5 mM KCl, and 1.8 mM CaCl 2 , pH 7.3) with 1 M atropine, and both the voltage and current electrodes were filled with 3 M KCl. Cells were voltage-clamped at a holding potential of Ϫ60 mV. Data were collected at 50 Hz and filtered at 20 Hz. Flow rates were set at 2 ml/min. Drug applications alternated between ACh controls and ACh or other experimental agonist with or without PNU-120596 at varying concentrations. Drug applications were 12 s in duration followed by 181-s washout periods.
EXPERIMENTAL PROTOCOLS AND DATA ANALYSIS
Each oocyte received two initial control applications of ACh, then experimental drug applications, and follow-up control applications of ACh. For experiments in which the ACh control responses remained relatively stable, net charge responses to experimental drug applications were calculated relative to the preceding ACh control responses to normalize the data (24) . For experiments in which ACh control responses varied through the course of the experiment because of potentiation of either RD or PNU-120596, the two initial ACh control responses from each cell were averaged and used to normalize the data for all subsequent responses. PNU-120596 was capable of allowing agonists to induce relatively enormous and sustained responses, which in some cases could introduce large variance into the calculated net charge response. Therefore, normalized peak responses were compared for PNU-120596 amplified experiments (25) . These normalization procedures compensated for the varying levels of channel expression among the oocytes. Mean Ϯ S.E. were calculated from the normalized responses of at least four oocytes for each experimental condition. For ␣7 wild-type and mutant receptors' concentration curve responses, the control ACh concentration was 300 M, a concentration sufficient to evoke maximal net charge response (24) . For concentration-response relationship, data derived from net charge analyses were plotted using Kaleidagraph 3.0.2 (Abelbeck Software, Reading, PA), and curves were generated from the Hill equation (Equation 1).
Where I max stands for the maximal response for a particular agonist/subunit combination, and n represents the Hill coefficient. I max , n, and the EC 50 values were all unconstrained for the fitting procedures with experimental agonists, whereas I max was constrained to equal 1 for ACh, defining our reference full agonist. Additionally, due to the low expression level of the receptor or low activation response of the arylidene anabaseines, the following concentration-response curves were generated while constraining the Hill coefficient value at 2 to obtain a curve to compare with the others: 2PyroAB, 3PyroAB, and 3TAB with the h␣7Q57L receptor; 2PyroAB with the h␣7Q57K receptor; 3FAB and 2PyroAB with the h␣7Q57D receptor; 2FAB, 2PyroAB, 3PyroAB, and 2TAB with the h␣7Q57E receptor.
Molecular Modeling
A human ␣7 nAChR model was created using the Aplysia californica acetylcholine-binding protein (AChBP) structure (PDB code 2WN9) as the template (26) . The ␣7 sequence was modeled with PRIME (Schrodinger2010, Schrodinger Inc.) (27) . The resulting monomeric model in complex with the PDB 2WN9 ligand (4OH-GTS-21) was superimposed five times on each chain of the AChBP pentameric crystal structure to generate a pentameric model (Fig. 1A) . The model was then examined for clashes that were subsequently resolved by variation of side chain rotomers, or in combination with an initial constrained minimization using the GROMOS force-field resident in SPDB viewer 4.0, followed by Amber 10 (28) molecular mechanics refinement with the bound PDB 2WN9 ligand included. The model quality was assessed with the Molprobity server (29) .
RESULTS
Experimental Design-To investigate the hydrogen bonding network in the ␣7 selectivity pocket, we first generated a computational prediction derived from homology modeling (Fig.  1A ). AChBP crystallized with the benzylidene motif agonist 4OH-GTS-21 was used as the template to generate the homology model with the bound ligand (26) . Among the residues within 5 Å proximity of the benzylidene motif in the homology model, Gln-57 on the complementary binding face was considered the primary candidate for hydrogen bonding interactions with a bound ligand. Therefore, four mutations at position 57 and six arylidene anabaseines with unique hydrogen bonding characteristics were made to test the relationship between the hydrogen bonding pattern and receptor function (Fig. 1, B and  C) . Wild-type Gln-57 was expected to be able to pair with either hydrogen bonding donors (pyrrolylmethylene anabaseines, PyroABs) or acceptors (furanylmethylene anabaseines, FABs), whereas Q57K could only maintain hydrogen bonding with FABs, and Q57D and Q57E could only maintain hydrogen bonding with PyroABs. We also considered mutant/agonist pairs that could not hydrogen bond; hence, the Q57L mutant and thiophenylmethylene anabaseines (TABs) were additionally prepared.
Synthetic Hydrogen Bonding Probes-All of the six arylidene anabaseines (Fig. 1B) were synthesized by aldol-type condensation between anabaseine dihydrochloride and the appropriate aryl carboxaldehyde in yields ranging from 35 to 65% (supplemental Fig. S1 ). These compounds retained the previously observed preference for formation of the E-stereoisomer about the exocyclic double bond, as observed for benzylidene anabaseines (23, 30) . The protonation state of the core imine of the benzylidene anabaseine family of agonists is a factor that has been postulated to impact the agonists' activation of the receptor, with the positively charged protonated form being the active form. Therefore, we estimated the protonation state of the new arylidene anabaseines using the NMR method described by Zoltewicz (30) . At physiological pH, all six arylidene anabaseines were estimated to be at least 93% protonated, which was higher than for benzylidene anabaseine.
␣7 Receptor Mutants-We first examined how the functional profiles of the Gln-57 mutants compared with wild-type (WT) receptor using as reference the full agonist ACh (Fig. 2 and Table 1 ). On the same day post-injection, Q57K and Q57D mutants ( Fig. 2A) showed absolute responses to ACh that were similar to wild-type, whereas the Q57L and Q57E mutants showed lower responses, suggesting intrinsically lower P open , or, less likely, lower expression of functional receptors for these latter two mutants. For subsequent data presentations, for any given mutant the initial ACh response was normalized to a FIGURE 2. Functional tests of wild-type ␣7 Gln-57 mutants. A, comparison of the wild-type and Gln-57 mutant expression levels as estimated by the net charge response to ACh. All of the receptor types were tested 2 days after injection of RNA. The net charge responses of the 300 M acetylcholine are normalized to that of the wild-type. **, p Ͻ 0.01; n Ն 4. B, concentration-response curves of acetylcholine presented in net charge. C, representative traces of the acetylcholine activation on WT and Q57K mutant receptors at different concentrations. D and E, comparison of the PNU-120596-stimulated response when applied with ACh. Each oocyte received two initial 300 M ACh controls followed by co-application of 300 M acetylcholine and 300 M PNU-120596. Both the peak response and the net charge response of the co-application were normalized to the average of the two initial controls. The peak responses of the co-application were displayed in panel D, and the ratio of the net charge response to the peak response of the co-application was displayed in panel E. F, traces for co-application of ACh and PNU-120596 to WT, Q57K, and Q57D receptors, with the accompanying ACh-only reference traces.
value of 1 to control for intrinsic differences in agonist efficacy and differences in the expression or trafficking of the receptors.
The ACh potency values (EC 50 , Fig. 2B and Table 1) for WT, Q57L, Q57E, Q57K, and Q57D mutants were similar, at 31 Ϯ 3, 26 Ϯ 3, 36 Ϯ 4, 65 Ϯ 3, and 18 Ϯ 2 M, respectively. Although Q57K did show a potency decrease of 2-fold relative to WT. Fig.  2C provides an example of how mutant receptors (e.g. Q57K) still have the low P open and propensity to desensitize at higher occupancy that is characteristic of the ␣7 receptor. A 100 M application of ACh to Q57K could induce a response similar to a 30 M ACh application to WT. Hence, the Q57K mutant only had a shifted potency for ACh; the concentration-dependent onset of desensitization was maintained. Fig. 2D presents the enhanced peak response of the receptors to a co-application of PNU-120596 and ACh, relative to the initial ACh control applications. The potentiation of responses ranged from 7-fold (Q57D) to a high of 26-fold (Q57L) with the WT response being 15-fold enhanced. The data suggest that WT and each mutant have distinct barriers for entry into the desensitized state that is sensitive to PNU-120596 (D s ). Fig. 2E presents the data for the ratio of the net charge to peak amplitude current response of the receptors to PNU-120596 and ACh co-applications, relative to the initial ACh application. The pattern for the WT and mutant series is clearly different from the peak response data (Fig. 2D) . Fig. 2F presents raw data for PNU-120596 and ACh co-application responses of selected receptors, scaled to the initial ACh response. Comparison of the WT, Q57K, and Q57D potentiated responses reveal that both peak and net charge were modulated by co-application of PNU-120596. We hypothesize that the net charge response of a PNU-120596-stimulated receptor can be related to the stability of the ACh-bound D s states of the specific mutants. Comparison of Fig. 2, D , E, and F, supports the interpretation that mutations differentially impact entry to, and the stability of, D s states when ACh is the bound agonist.
Activation Profile of Agonists on the Wild-type Human ␣7 Receptor-Because the new compounds have smaller, 5-membered aryl rings compared with the 6-membered benzene ring of the benzylidene anabaseines, we first examined whether the arylidene anabaseines would keep the hallmark features of the benzylidene family agonists: ␣7 selectivity and partial agonism (16) . At 100 M concentration, they were not able to induce detectable responses from ␣4␤2 or ␣3␤4 receptor subtypes (data not shown), whereas they activated ␣7 receptors to varying degrees. To investigate whether differing hydrogen bonding patterns presented by these six ligands would affect their activation of the ␣7 receptor, we tested them at various concentrations to estimate both EC 50 and I max values, relative to ACh. Their concentration-response curves, representative traces, and values of potency and efficacy on the ␣7 wild-type and mutants are presented in Figs. 3 and 4 , and Table 1 , respectively.
Among the six arylidene anabaseines, 3FAB had the lowest efficacy as an agonist for wild-type ␣7 (I max less than 14% relative to ACh), and it had the highest EC 50 noted for the arylidene anabaseines (83 M). The regioisomeric 2FAB, which positions the furan oxygen differently than 3FAB, induced a 50% response relative to acetylcholine. In contrast, both of the hydrogen bond-donating pyrrolyl methylene anabaseines (PyroABs) activated ␣7 receptors effectively. The I max for 3PyroAB was similar to that observed for 2FAB, with nearly identical potency. Although 2PyroAB was less efficacious than 2FAB or 3PyroAB, it was more potent, with an EC 50 value of ϳ6 M, 2.5-fold lower than for 2FAB or 3PyroAB ( Table 1) . The thiophene rings of 2TAB and 3TAB are not hydrogen bonding residues and were anticipated to exhibit behavior divergent from the hydrogen-bonding capable aryl rings of FABs and PyroABs. In concentration-response tests, 2TAB and 3TAB yielded similar results for wild-type ␣7, with relative efficacy around 23% and potency around 46 M, which were similar to the values reported for unsubstituted benzylidene anabaseine, which like the TABs is hydrophobic and not hydrogen bonding capable at the aryl group (16) .
Activation Profile of Agonists on Human ␣7 Receptor MutantsTo investigate the potential roles of hydrogen bonding at Gln-57 on the function of the ␣7 receptor, we studied the six compounds activation profiles with four mutants, Q57L, Q57K, Q57D, and Q57E. We observed both global changes in receptor functional parameters and specific changes that could be associated with specific hydrogen bonding interactions ( Fig. 3 and Table 1 ). Note that the efficacy of 3FAB was too low to permit an accurate concentration-response analysis, and so the 3FAB data are omitted from Fig. 3 .
We noted that there was a global decrease of activation for arylidene anabaseines of the Q57K receptor ( Fig. 3C and Table  1 Compound-and/or Mutant-specific Trends and Effects-As a partial agonist, 2PyroAB was extremely weak toward the Q57L mutant receptor (Figs. 3B and 4) . Its efficacy was decreased by 2-fold with Q57L, in comparison with WT, whereas other efficacies of the arylidene anabaseines were not significantly changed. A similar decrease in response was observed for 2PyroAB in Q57K (Figs. 3C and 4) . It is noteworthy that 2PyroAB is a putative hydrogen bond donor, and when the putative acceptor, Gln-57 was mutated to Leu or Lys, neither of which can accept a hydrogen bond, receptor activation was diminished. The combination of 2PyroAB with Q57D and Q57E mutants maintains a donor acceptor relationship, and we observed enhancement of activation for Q57D, and only slightly diminished activation for Q57E (Table 1, Figs. 3 , D and E, and 4). A similar effect was also seen for the mutant series with 3PyroAB. In this case, Q57L is neutral, the hydrogen bond mismatch with Q57K was again deleterious to I max , and the Q57D and Q57E mutants were enhanced or maintained I max .
For 2FAB, we observed a diminution of activation for Q57K, however, no diminution of activation was observed for Q57L, relative to ACh for the respective mutants (Fig. 3B) . Both Q57D and Q57E showed slightly reduced I max values with 2FAB compared with ACh, relative to WT. It is interesting to note that in the case of 2FAB, pairing it with a matched hydrogen bond donor (Lys) had a more negative effect on agonist activity than pairing it with two putative mismatch partners (Asp or Glu), suggesting that for this putative point-to-point contact, hydrogen bonding does not favor transition to the open channel state. As noted above, although the activation profiles for mutants indicated that 3FAB was an extremely weak agonist, 3FAB will be discussed below with regard to its behavior during allosteric modulation.
RD Effects of Agonists on the Wild-type Human ␣7
Receptor and Gln-57 Mutants-An important property of the ␣7 receptor is that when paired with certain partial agonists, sustainable RD (16) occurs. We investigated the recoveries of the ␣7 receptor and its Gln-57 mutants with a protocol consisting of two initial ACh controls, 3.5-min washouts, application of arylidene anabaseine at 300 M, and another 3.5-min washout, followed by a probe ACh application. The final ACh responses were used to evaluate the recovery of the receptor. Sample traces are presented in Fig. 4 , and the data are summarized in Table 2 . Each oocyte received two 300 M ACh controls (only the second one is displayed), a 300 M arylidene anabaseine treatment, followed by another 300 M ACh control. All of the traces are scaled to the pre-drug ACh control responses, the absolute peak values of which varied from 1.9 to 11 A. In the wild-type ␣7 receptor, 2FAB, 3PyroAB, 2TAB, and 3TAB inhibited the ACh probe net charge response to a value ϳ60% of the initial ACh controls, whereas 3FAB and 2PyroAB showed no significant RD effect. The Q57K mutant was noteworthy for having decreased RD effects for all compounds. The Q57L and Q57D receptors showed enhanced RD effects with 2FAB. Only 31 and 21% receptor recovery was observed after applying 300 M 2FAB to Q57L and Q57D, respectively, which were statistically different from WT (Q57D, p Ͻ 0.01; Q57L, p Ͻ 0.05). In contrast, the data suggest that Q57K and Q57E mutants with 2FAB may have decreased or comparable RD relative to WT, with recoveries of 86 and 81%, respectively. The above data are consistent with the idea that various combinations of agonist and receptor mutations lead to differing levels of RD effects.
The wide range of RD effects we observed for 2FAB with the mutant receptor series led us to further investigate the nature of the RD effects. We utilized a post-2FAB application of PNU-120596 to probe for the D s state (Fig. 5A) . PNU-120596 reactivated all of the 2FAB-treated receptor types, but did so weakly for Q57K. Interestingly, PNU-120596 distinguished Q57E from the Q57K receptors by virtue of a much stronger PNU-120596 response from the Q57E receptor. This is in contrast to the very similar RD effects seen for these two mutants with 2FAB (Table  2) . For Q57L and Q57D, after 2FAB and PNU-120596 applications, we observed little if any response to ACh (data not shown), whereas the other mutants responded strongly. This observation is consistent with the ACh response recovery data for 2FAB and Q57D and Q57L mutants presented in Table 2 , and suggests that the Q57D and Q57L RD effects included a significant component of PNU-120596-insensitive desensitization (D i ). Fig. 5B presents a scatter plot that compares the RD effect data from Table 2 (abscissa) and the PNU-120596 peak current data from Fig. 5A (ordinate) . If RD depended only on the D s state, one would predict that the data would correlate well; but this was not observed, indicating another variable was responsible for the scatter, which we suggest is a contribution to RD associated with the D i state. Given the dynamic nature of the experiment presented in Fig. 5A , we performed a recovery test to chart the lifetime of the bound 2FAB-receptor complex (Fig. 5C ). After application of 2FAB, 8 applications of ACh, Table 2 . C, recovery tests of different ␣7 receptor types after 2FAB application. Cells were washed with Ringers solution after application of 2FAB, and repeatedly stimulated with 300 M ACh to evaluate the rates of recovery. All responses plotted in panels B and C are the averages (ϮS.E.) of at least 4 oocytes. spaced 3.5 min apart were given to monitor the hypothetical 2FAB off-rate, based on the reversal of RD. Within the first 7-min period, all of the receptors tested showed no increase in the level for the ACh responses. Over the subsequent time frame WT and Q57E had the fastest apparent off rate for 2FAB, whereas Q57L took 25 min to reach 80% recovery, and Q57D recovered to 90% after 13 min.
Co-application of Arylidene Anabaseine Partial Agonists and PNU-120596-Application of PNU-120596 to a stable longlived D s state of the ␣7 nAChR (as in Fig. 5 ) will give a measurable induced current, but quantifying these data and comparing them between mutant receptor-agonist combinations becomes complicated by the varying kinetic time frames that exist for dissociation of the bound ligand and PAM. Seeking to minimize these concerns, we conducted experiments that involved coapplication of the experimental agonists and PNU-120596 to probe for the D s state in a time frame that is virtually coincident with its induction (17) . Fig. 6A presents representative traces for these experiments, each trace scaled relative to the amplitude of the initial ACh control responses (not shown). The data are summarized in terms of peak response and net charge-topeak response ratio in Fig. 6, B and C, respectively. The combinations of receptor mutations and arylidene anabaseines gave peak responses that ranged from approximately equivalent to the ACh peak to ϳ4 times greater (Fig. 6B) . As one inspects the series of mutants, it is also apparent that the relative peak response for the compound series varied from mutant to mutant. Among the six arylidene anabaseines, 3FAB was especially interesting because it was the worst agonist for the ␣7 receptor and the four mutants (Fig. 6A, top traces) , but gave strong responses when co-applied with PNU-120596. As an agonist in the absence of PAM, 3FAB was about 5-fold weaker at activating the receptor than 3PyroAB (Fig. 6A) . For the WT receptor, we note a pattern whereby the peak PNU-120596-induced currents were greater for 2FAB or 2PyroAB relative to their 3FAB or 3PyroAB isomers. A notable difference is discerned when net charge-to-peak ratios are considered instead of peak currents alone. In this case, the WT receptor net charge response appeared to favor the 3FAB or 3PyroAB isomers over the 2FAB or 2PyroAB isomers. Another major difference was the dramatic net charge-to-peak ratio for the Q57L mutant and 3FAB, which was 50-fold higher than the ACh control and more than 3-fold higher than for the other arylidene anabaseines. A, representative traces for the application of 300 M 3FAB (upper two traces) or 300 M 3PyroAB (lower two traces) applied alone or co-applied with 300 M PNU-120596. Each oocyte received two 300 M ACh controls (only the first one was displayed in the representative traces), then was treated with one of the arylidene anabaseines at 300 M, either with or without 300 M PNU-120596. Each single trace displayed represents a single experiment, but all traces are normalized to its own ACh control, the absolute peak value of which varied from 0.6 to 10.2 A. These control responses were scaled to the same level and omitted for clear presentation. B, the peak responses for co-applications of agonist and PNU-120596 relative to the average of the two initial ACh controls. C and D, the peak response (C) and net charge-to-peak response ratio (D) of the co-application responses relative to the average of the two initial controls. The ratios were calculated for each single cell. The mean Ϯ S.E. were based on data obtained from at least four oocytes.
Energy Landscapes- Fig. 7 presents semi-quantitative energy landscapes for the selected nAChR/ligand combinations we have experimentally tested. All energy levels are configured relative to the ligand-bound resting closed state which has the greatest probability for opening. In constructing Fig. 7 , the following considerations were applied.
The net charge-derived maximum efficacies of the ligandreceptor combinations (taken from Fig. 3 ) were used to estimate the height of the energy barriers from C to O. Efficacies were used to estimate the energy barriers because under the dynamic conditions of the experiments, where the resting receptor is challenged with a pulse of agonist, the system is far from equilibrium. Thus kinetics associated with transitions from the resting ligand bound closed state(s) largely govern the initial evolution of the receptor. This transiently detectable synchronization of channel opening is likely to be relevant to receptor function in vivo when rapid perturbations in ACh concentration occur. In contrast, it is noteworthy that under equilibrium conditions, the P open for the bound receptor is vanishingly small (17) . Because peak and net charge efficacies scale, either could have been used for the relative comparison of the energy of barriers between C and O. Because ␣7 has an intrinsically low P open , even under the most optimal conditions these barriers are high. Likewise, the barriers to exit the open state are small, because occupancy of the open state for the wild-type receptor is very brief (17) . For the wild-type receptor, the barriers for the various ligands were estimated by I max values in Fig.  3A; for the mutants the efficacy estimates were further adjusted for the relative levels of detectable ACh-evoked responses ( Fig.  2A) . This correction has the effect of normalizing the heights of the C to O barriers all relative to the barrier for ACh and the wild-type receptor.
Relative Energy of C and O States-Mutation and ligand binding may change the energy level of the C and/or O states, and such change is hard to quantify. Therefore, the energy of the C and O states were set to the same value among different ligand-receptor pairs to facilitate comparisons in Fig. 7 . Fig.  4 ), establishing that agonist application yields a receptor in a stable desensitized state. Second, co-application of the agonist and PNU-120596 results in potentiation of the receptor response to agonist, providing a measure of how much of the D state is D s . Without a tool to directly measure D i , we identify it when the receptor shows RD but is a weak PNU-120596 responder.
The peak response data in Fig. 6B was used to estimate the height of barrier from C to D s (compared with ACh for each mutant), such that the larger the potentiation, the lower the barrier was set. The peak response corresponds to the nearly instantaneous transition of the receptor from C to D s . The energy levels for D s were estimated by comparison of the relative values for the potentiated peak versus net charge responses (Fig. 6C) . This was done to correct for the impact of the barrier for entry (peak response) on the observed net charge response. High barriers would lead to underestimates of the D s energy level, whereas low barriers would flood the D s state and lead to overestimates of its significance. We recognize that multiple variables are in play here, including ligand and PAM dissociation rates, but inspection of Fig. 6A suggests that in many cases the response is nearly complete by the time the application is over, and the data of Fig. 5C suggest agonist off-rates will generally be slow over the experimental time course. At this time we are limited by the complexity of the experimental system, requiring that we make limiting assumptions regarding slow off-rates for ligands. Finally, the energy of the D i state was uniformally placed lower than D s because studies show that the receptor is ultimately driven into this state on prolonged occupation (17) , hence it is the thermodynamically preferred state. In a few cases the RD effects were sufficient to prompt us to lower the level of D i further (2FAB with Q57L or Q57D gave high RD).
DISCUSSION
We have tested the hypothesis that hydrogen bonding interactions between a bound partial agonist and the ␣7 receptor will contribute to the procession of the complex into open and/or desensitized states, both in terms of the energy barriers for interstate transitions and how populated, or stable, the states will be when the system approaches equilibrium. It is reasonable to consider how a single hydrogen bond could serve in this capacity. For example, if the barrier to enter a desensitized state was selectively lowered by 1.4 kcal/mol relative to the barrier that controls P open , the receptor would be ϳ10 times more likely to enter the desensitized state. Similar arguments can be made about the population of a given state at equilibrium, if it is differentially stabilized in its interactions with bound ligand. Several complicating factors must be born in mind. When binding a ligand to the nAChR, the resulting complex is unlikely to be unique; in other words, multiple bound states may exist with respect to the ligand and the mutual orientations of the receptor. Presumably only one or a few of these are experimentally significant, allowing interpretation of data derived from methodical variation in the structure of ligand and receptor. Another point of importance is that we utilize the PAM PNU-120596 with a series of ligand-binding domain mutants, to unmask previously silent nonconducting desensitized states. We assume that mutations of Gln-57, which is remote from the putative binding site for PNU-120596 (31), does not differentially impact the intrinsic ability of PNU-120596 to facilitate conversion of the receptor complex into a conductive state.
Activation of ␣7 nAChR as Modulated by Hydrogen BondingThe series of arylidene anabaseines were chosen to differ primarily in their ability to donate or accept a hydrogen bond. Their five-membered aryl rings are closely comparable in size to each other, but smaller than a phenyl ring. An illustrative example is found in the calculated Connolly-excluded molecular volumes estimated for furan, pyrrole, thiophene, and benzene (54, 55, 65, and 71 Å 3 ). The thiophene ring is ϳ20% larger in volume than the pyrrole or furan rings due to the larger van der Waals radius of sulfur. However, even the thiophene ring of the 2TAB and 3TAB compounds is smaller than the phenyl ring found in benzylidene anabaseines. We consider it most likely that the activity differences between FABs and PyroABs are dominated by their differences in ability to hydrogen bond, and differences in where they locate the hydrogen bonding element, rather than the subtle differences in their size.
We observed that 3FAB was a universally weak partial agonist for WT and all mutants of Gln-57, so much so that reasonable concentration-response profiles for all receptor variants could not be obtained for this compound. Keeping in mind that the furanyl oxygen of 3FAB is only capable of functioning as a hydrogen bond acceptor, it is interesting to consider the mutant activation profiles for 3PyroAB, a hydrogen bond donor at nitrogen. We found that when 3PyroAB was paired with the Q57D or Q57E mutants, that I max values (relative to ACh) were enhanced. This pairing represents a favorable donor-acceptor interaction because the Asp or Glu acceptors should be better acceptors than the wild-type Gln, as a result of the ability of the former to bear a negative charge. Taking the 3FAB versus 3PyroAB data together, we suggest that it supports the hypothesis stating that Gln-57 as a hydrogen bond acceptor in an acceptor donor pair is favorable toward the apparent initial activation of the receptor. Given that the observed receptor response to a partial agonist is the sum of the dynamic interplay between activation and desensitization, an alternate explanation for the apparent enhanced activation by 3PyroAB is that it produces less desensitization compared with 3FAB. This point will be considered in further detail below. We might have predicted that 3FAB would enjoy enhanced hydrogen bonding with the Q57K mutant because in this case the replacement of Lys for Gln yields a much better charged hydrogen bond donor. This test indicated that this specific pairing did not lower the energy barrier for activation, because the I max for Q57K and 3FAB was too small to be determined. Interestingly, a putative hydrogen bond mismatch between Q57K and 3PyroAB is also informative. In this case, I max for 3PyroAB with Q57K was the lowest of all mutants. One may again ask if this is because a mismatch lowers the ability to activate the channel, or if this mismatch has a greater propensity to lead to desensitization, or a mixture of the two. The utility of the Type II PAM PNU-120596 comes to the forefront regarding this latter point, by virtue of its ability to distinguish between multiple desensitized states. In the simplest scenario, where a partial response of the agonist is the composite of activation and entry into a PNU-120596-sensitive desensitized state (D s ), it becomes possible to characterize the barriers leading into, and the population of, that state by virtue of rendering it conductive with co-application of PNU-120596.
The Impact of Putative Hydrogen Bonding Interactions on Entry into Detectable Desensitized States-A restricted focus on channel activation is a limitation to the traditional characterizations of partial agonists that generate only estimates of EC 50 and I max , and thereby only information about the nonstationary state-transition probabilities that occur immediately after a rapid jump in agonist concentration. However, in the case of a therapeutic application of a partial agonist, where the drug concentration will rise slowly and dissipate even more slowly, modeling such instantaneous perturbations is of limited value, and understanding equilibrium conditions becomes more important. We have previously introduced energy landscape diagrams to illustrate these features for ␣7 function modulated by ACh, with the differential induction of D s and D i deduced by the time-and concentration-dependent effects of PNU-120596 (17) . The immediate and certain significance of the differential induction of D s and D i states by potential therapeutic ligands is that these features will predict the negative modulation of the signals generated by endogenous cholinergic activity (32) . However, it has also been proposed that ␣7 may mediate ion channel-independent forms of signal transduction and that nonconducting (i.e. desensitized) conformations may nonetheless be active states for intracellular signal transduction. Therefore, knowing how particular ligands control the entry of ␣7 into specific desensitized states may ultimately provide a way to tune ligands for various signaling modes. Such modes may differ both in how they are induced or stabilized by hydrogen bond interactions that preferentially promote conformational transitions (by altering energy barriers) or stabilize specific states by changing the relative free energy levels of the conformational states. A conceptualization of this is illustrated in Fig. 7 .
Our data would suggest that for 2FAB a hydrogen bond might favor the stability of the D s relative to the D i state for Q57K, and that the lack of a hydrogen bond might favor the D i state with Q57D. These effects appear less pronounced with 3FAB, suggesting a preferred point-to-point interaction with an oxygen in the 2 position. There are no clear hydrogen bond acceptor-donor effects with 2PyroAB. Although the activation barrier to the O state is relatively high with Q57E, suggesting that a hydrogen bond in this case might oppose the opening transition. This effect is less pronounced with 3PyroAB.
The propensity for the ␣7 nAChR to rapidly enter desensitized states raises several questions of both fundamental and applied importance. The structural features within a bound ligand that may help facilitate entry into one or more desensitized states are now being deduced through structure-function studies utilizing new probe molecules and site-directed mutants of the receptor. One must bear in mind, however, that the trajectory of a receptor-ligand complex in its progression among resting, open, and desensitized states is unlikely to be a single path, nor end up at a single discrete state. Manifold but related orientations of bound ligand and interacting receptor side chains may be concurrently operative, such that in studies like those described in this work, certain pairs of agonist and mutations may be diagnostic, whereas others may not overtly impact the overall observed behavior of the receptor. Furthermore, the contribution of direct ligand-protein interactions are likely superimposed on effects that probative mutations may place on aspects of allosteric modulation that occur removed from the site of ligand binding. However, practical benefits arise from mapping out the structure-function relationships for agonist structure and the sensitivity of resulting desensitized complexes to allosteric modulation. One can envision the development of new nAChR active ligands that have tailored responses to allosteric modulators.
